Introduction
============

Prostate cancer is the second most common type of cancer in men, and the leading cause of cancer-associated mortality in men worldwide ([@b1-ol-0-0-7561]). Although surgery is the most effective treatment for patients with early stage prostate cancer, the tumor is unresectable for patients with advanced prostate cancer, and systemic chemotherapy is considered as the alternative option ([@b2-ol-0-0-7561]). However, acquired chemoresistance due to the repeated use of chemotherapeutic drugs is a common, critical problem, which limits the clinical application of chemotherapy ([@b3-ol-0-0-7561],[@b4-ol-0-0-7561]). There is an urgent requirement to develop novel strategies that may inhibit or delay the occurrence of chemoresistance.

Doxorubicin, which belongs to the family of antitumor antibiotics, is an effective type of chemotherapeutic drug. This antibiotic is able to embed into the double helical structure of cell DNA, inhibiting the synthesis of RNA and DNA, thereby inducing the apoptosis of cancer cells ([@b5-ol-0-0-7561],[@b6-ol-0-0-7561]). Although doxorubicin is widely used in the treatment of prostate cancer, there is a high rate of chemotherapeutic failure due to the acquisition of doxorubicin resistance ([@b7-ol-0-0-7561],[@b8-ol-0-0-7561]). To delay the occurrence of doxorubicin resistance, combination treatments are routinely used to offset the aforementioned drug-resistance mechanisms, and resensitize tumor cells to doxorubicin. It has been reported that curcumin improves the efficacy of doxorubicin treatment in breast cancer ([@b9-ol-0-0-7561]). Another study reported that the addition of microRNA-122 oligonucleotides was able to reverse doxorubicin resistance in hepatocellular carcinoma cells ([@b10-ol-0-0-7561]). The aforementioned studies provide evidence to demonstrate that combination treatment with other drugs are effective to inhibit or delay the occurrence of doxorubicin resistance.

Quercetin, which is widely distributed in plant-based foods, is a flavonoid. The reported pharmacological effects of quercetin include antioxidant, anti-inflammatory, and anti-proliferative activity ([@b11-ol-0-0-7561],[@b12-ol-0-0-7561]). Modern drug researchers have demonstrated that quercetin acts as a potential anti-tumor agent in multiple types of cancer by regulating the apoptosis pathway ([@b13-ol-0-0-7561],[@b14-ol-0-0-7561]). However, the anti-tumor effect of single quercetin treatment is limited. Therefore, the aim of the present study was to assess whether the combination of quercetin with doxorubicin reversed the resistance of prostate cancer cells to doxorubicin-based therapy *in vitro*.

Materials and methods
=====================

### Cell culture

The present study was approved by the Ethics Committee of Tongde Hospital of Zhejiang (Hangzhou, China). The human prostate cancer cell line PC3 was obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA). Doxorubicin-resistant PC3 cells (PC3/R) were established by continuous exposure of normal PC3 cells to increasing concentrations of doxorubicin (Sigma Aldrich; Merck KGaA, Darmstadt, Germany). Briefly, PC3 cells were incubated with Dulbecco\'s modified Eagle\'s medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) and 0.05 µg/ml doxorubicin for 2 months. Subsequently, the dose of doxorubicin was increased every 3 weeks by 0.01 µg/ml up to a final concentration of 0.15 µg/ml. Prior to the experiments, the PC3/R cells were cultured in Dulbecco\'s modified Eagle\'s medium supplemented with 10% fetal bovine serum for 2 weeks at 37°C in a humidified 5% CO~2~ incubator.

### Drug sensitivity assay

The sensitivity of PC3 and PC3/R cells to doxorubicin, and the effects of quercetin on doxorubicin-induced cell death of PC3/R cells were measured by 3-(4,5-dimethylthiazol-z-yl)-2,5-diphenyl tetrazolium bromide (MTT; Sigma Aldrich; Merck KGaA) assay. Cells were seeded into 96-well plates at a density of 5×10^3^ per well and cultured overnight. Cells were treated with various concentrations (0, 0.1, 0.2, 0.5, 1.0, 1.5, 2, 4, 6, 8, 10 or 15 g/ml) of doxorubicin in the presence or absence of quercetin (10 µm; Sigma Aldrich; Merck KGaA) for 48 h at 37°C. Subsequently, 20 µl MTT (5 mg/ml) was added and cells were incubated at 37°C for an additional 4 h. Following this, 150 µl DMSO was added to dissolve the formazan crystals. The absorbance in each well was measured at 570 nm using a microplate reader. The half maximal inhibitory concentration (IC~50~) of doxorubicin in PC3 and PC3/R cells was calculated according to the viability curves.

### Western blot analysis

A total of 5×10^6^ cells were harvested for total protein extraction and lysed with radioimmunoprecipitation assay buffer (Cell Signaling Technology, Inc., Danvers, MA, USA) for 30 min at 4°C. The cell lysate (50 µg) samples were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to PVDF membranes. Following transfer, membranes were incubated in 5% skimmed milk for 1 h at room temperature. Subsequently, the membranes were incubated with primary antibodies overnight at 4°C. Antibodys used were as follows: Anti-PI3K (cat. no. 4249; 1:1,000 dilution), anti-phosphorylated (p-) PI3K (cat. no. 13857; 1:1,000 dilution), anti-AKT (cat. no. 4685; 1:1,000 dilution), anti-p-AKT (cat. no. 4060; 1:1,000 dilution), anti-c-met (cat. no. 8198; 1:1,000 dilution), anti-caspase-9 (cat. no. 9502; 1:1,000 dilution), anti-cleaved caspase-9 (cat. no. 9505; 1:1,000 dilution), anti-caspase-3 (cat. no. 9665; 1:1,000 dilution), anti-cleaved caspase-3 (cat. no. 9664; 1:1,000 dilution) and anti-β-actin (cat. no. 4970; 1:1,000 dilution), all purchased from Cell Signaling Technology, Inc. The following day, the membranes were washed three times using Tris-buffered saline with 1% Tween-20 and incubated for 2 h at 37°C with horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G (cat no. 7074; 1:2,000 dilution; Cell Signaling Technology, Inc.). Protein bands were visualized using an enhanced chemiluminescence detection kit (Pierce; Thermo Fisher Scientific, Inc.).

### Assessment of apoptosis

Cells were collected and washed with ice-cold PBS. Apoptosis was determined in PC3 and PC3/R cells using a dual staining method with Annexin V-fluorescein isothiocyanate (Sigma-Aldrich; Merck KgaA) and propidium iodide for 20 min in the dark at room temperature. The percentage of apoptotic cells in total 10^4^ cells was quantified by flow cytometry (FACSCanto; BD Biosciences, Franklin Lanes, NJ, CA, USA) and analyzed by using FlowJo software (version 10; Tree Star, Inc., Ashland, OR, USA).

### Detection of mitochondrial membrane potential (MMP, ∆Ψm) and reactive oxygen species (ROS)

A total of 1×10^6^ cells were harvested and washed with ice-cold PBS. For MMP detection, cells were stained with 5,5′, 6,6′-Tetrachloro-1,1′,3,3′-tetraethyl imidacarbo cyanine iodide (Molecular Probes; Thermo Fisher Scientific, Inc.) for 15 min in the dark at room temperature. For measurement of ROS, cells were stained with dihydroethidium (Molecular Probes; Thermo Fisher Scientific, Inc.) for 15 min in the dark at room temperature. Detection of MMP and ROS were analyzed by flow cytometry (FACSCanto; BD Biosciences) and FlowJo 10 software.

### Recombinant plasmid construction and transfection

Total RNAs from PC3 cells were extracted using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. Total RNA was reverse transcribed into cDNA using the Prime Script RT reagent kit (Takara Biotechnology Co., Ltd. Dailan, China) following the manufacturer\'s protocol. Following synthesis of PC3 cDNA, the open reading frame of the c-met gene was amplified by polymerase chain reaction (PCR) using Takara LA *Taq*^®^ (Takara Biotechnology Co., Ltd.) using the following primers: Forward, c-met *HindIII*, 5′-ACGAAGCTTATGAAGGCCCCCGCTGTGCTT-3′, and reverse, c-met *XhoI*, ACGCTCGAGTGATGTCTCCCAGAAGGAGGCTGGT. The reaction conditions were as follows: 94°C for 1 min, 30 cycles of 98°C for 10 sec, 68°C for 5 min and 72°C for 10 min. PCR products and the pcDNA3.1 plasmid (Invitrogen; Thermo Fisher Scientific, Inc.) were digested with *HindIII/XhoI* (Takara Biotechnology Co., Ltd.) for 2 h at 37°C. To ligate the c-met fragment into the pcDNA3.1 plasmid, the digestion products were incubated with T4 DNA ligase (Takara Biotechnology Co., Ltd.) overnight at 16°C and the recombinant plasmid was named the c-met vector. For transfection, the 5×10^5^ PC3/R cells were plated and cultured to reach 80% confluency. C-met vector (2 µg/ml) or empty vector (used for control) was transiently transfected into the cells with Lipofectamine 2000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the the manufacturer\'s protocol.

### Statistical analysis

Statistical analyses were conducted on all the experiments, which were repeated in triplicate and data were expressed as the mean ± standard deviation. For comparison analysis, two-tailed unpaired Student\'s t-test was used to evaluate the statistical differences between two groups. One-way analysis of variance and Bonferroni\'s post-hoc test were used to determine the differences between three or more groups. Statistical analysis was performed using SPSS software (version 15.0; SPSS, Inc., Chicago, IL, USA). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Resistance of PC3/R cells to doxorubicin

To investigate the resistance of PC3 prostate cancer cells to doxorubicin, a PC3/R cell line was established by continuous exposure of routine PC3 cells to doxorubicin. The results presented in [Fig. 1A](#f1-ol-0-0-7561){ref-type="fig"} demonstrated that IC~50~ of doxorubicin to PC3/R was 11.25-fold higher than the parental PC3 cells. This indicated that the established PC3/R cell line demonstrated significant drug resistance to doxorubicin. Due to data published from previous studies, which provided evidence that the PI3K/AKT pathway regulates the chemotherapeutic resistance of cells ([@b15-ol-0-0-7561],[@b16-ol-0-0-7561]), the activation of PI3K and AKT in PC3/R cells compared with parental PC3 cells, in response to doxorubicin, was investigated. Notably, activation of the PI3K/AKT pathway was significantly increased in PC3/R cells compared with parental PC3 cells, in the presence or absence of equal doses of doxorubicin ([Fig. 1B](#f1-ol-0-0-7561){ref-type="fig"}). The results from the present study suggested that the hyper-activation of the PI3K/AKT pathway may be responsible for the drug resistance to doxorubicin in PC3/R cells.

### Quercetin increased the sensitivity of PC3/R cells to doxorubicin

To investigate the effect of quercetin on doxorubicin resistance, PC3/R cells were co-treated with doxorubicin and quercetin. Analysis of cell viability revealed that although single quercetin treatment alone had no effect on the viability of PC3/R cells, in combination with doxorubicin treatment, quercetin significantly enhanced the effects of doxorubicin and reduced PC3/R cell viability compared with cells treated with doxorubicin alone ([Fig. 2A](#f2-ol-0-0-7561){ref-type="fig"}). In addition, the results of flow cytometry indicated that the combination of quercetin and doxorubicin induced significantly increased apoptosis in PC3/R cells compared with cells treated with doxorubicin alone ([Fig. 2B](#f2-ol-0-0-7561){ref-type="fig"}). Taken together, these results demonstrated that quercetin in combination with doxorubicin was able to reverse drug resistance in doxorubicin resistant prostate cancer cells.

### Combination treatment with quercetin and doxorubicin induced apoptosis via the mitochondrial pathway

To investigate the mechanism by which quercetin promoted doxorubicin-induced apoptosis, MMP was measured in PC3/R cells, co-treated with quercetin and doxorubicin. The results presented in [Fig. 3A](#f3-ol-0-0-7561){ref-type="fig"} demonstrated that combination treatment with quercetin and doxorubicin induced a significant decrease of MMP in PC3/R cells compared with cells treated with doxorubicin alone. Furthermore, ROS, which are considered to be key apoptotic inducers ([@b17-ol-0-0-7561]) were released from the mitochondria into the cytoplasm, due to MMP collapse induced by co-treatment with quercetin and doxorubicin ([Fig. 3B](#f3-ol-0-0-7561){ref-type="fig"}). The expression of caspase-3 and −9 in response to quercetin and doxorubicin treatment were further investigated, as these are known to be activated downstream of the mitochondrial pathway ([Fig. 3C](#f3-ol-0-0-7561){ref-type="fig"}). The effects of doxorubicin treatment were enhanced by combination treatment with quercetin to induce expression of cleaved caspase-3 and −9. The results from the present study therefore demonstrated that quercetin promoted doxorubicin-induced apoptosis via the mitochondrial pathway.

### C-met is the target of quercetin in PC3/R cells

The results from the present study have indicated thus far that PC3/R cells demonstrate hyper-activation of PI3K/AKT compared with normal PC3 cells. To elucidate how quercetin facilitates doxorubicin-induced cell death in PC3/R cells, the target of quercetin in the PI3K/AKT pathway in PC3/R cells was explored. The expression level of c-met, which is upstream of PI3K signaling ([@b18-ol-0-0-7561]), was significantly increased in PC3/R cells compared with in PC3 cells ([Fig. 4A](#f4-ol-0-0-7561){ref-type="fig"}). Thus, hyper-activation of the c-met/PI3K/AKT pathway may be responsible for doxorubicin resistance in PC3/R cells. However, treatment with quercetin without doxorubicin significantly downregulated c-met expression compared to the control group ([Fig. 4B](#f4-ol-0-0-7561){ref-type="fig"}). In addition, the activation of the PI3K/AKT pathway was also inhibited by quercetin treatment. Furthermore, the induced expression of c-met abolished the inhibition of the PI3K/AKT pathway induced by quercetin ([Fig. 4C](#f4-ol-0-0-7561){ref-type="fig"}). Taken together, the results revealed that quercetin targeted c-met to inhibit the PI3K/AKT pathway in doxorubicin-resistant prostate cancer cells.

### Quercetin increased the sensitivity of PC3/R to doxorubicin via downregulating c-met expression

To study the function of c-met and the synergistic effects of quercetin and doxorubicin, c-met expression was induced in PC3/R cells to rescue cell death induced by this combined treatment. It was observed that introduction of the c-met vector significantly inhibited the cytotoxicity, induced in cells by the combination treatment with quercetin and doxorubicin ([Fig. 5A](#f5-ol-0-0-7561){ref-type="fig"}). Furthermore, quercetin and doxorubicin induced-apoptosis was also inhibited by the c-met vector ([Fig. 5B](#f5-ol-0-0-7561){ref-type="fig"}). The results from the present study suggested that the synergistic effects of quercetin and doxorubicin were dependent on the downregulation of c-met.

Discussion
==========

C-met is the receptor for hepatocyte growth factor (HGF). The extracellular sema domain of c-met mediates binding to HGF, which activates receptor auto-phosphorylation ([@b19-ol-0-0-7561]). The activation of c-met has been reported to stimulate multiple downstream genes to promote tumorigenesis in various types of cancer ([@b20-ol-0-0-7561]). Overexpression of c-met stimulates proliferation, migration and invasion in various types of cancer including prostate cancer ([@b21-ol-0-0-7561],[@b22-ol-0-0-7561]). Furthermore, activation of the c-met pathway was revealed to be an important mechanism for acquired resistance to chemotherapy. Previous studies have reported that c-met receptor activation protects cancer cells against DNA-damaging agents. For example, activation of the c-met pathway triggered the expression of focal adhesion kinase and downregulated apoptosis-inducing factor expression to develop cisplatin resistance in lung cancer ([@b23-ol-0-0-7561]). In human multiple myeloma, c-met knockdown resulted in decreased drug-resistance and increased chemosensitivity to doxorubicin ([@b24-ol-0-0-7561]). Therefore, the inhibition of c-met and its downstream signaling targets has been considered as a potential strategy to enhance the therapeutic efficacy for the treatment of cancer ([@b25-ol-0-0-7561],[@b26-ol-0-0-7561]).

Within the c-met pathway, the auto-phosphorylation of c-met leads to phosphorylation of PI3K and the subsequent generation of phosphatidylinositol-3,4,5-trisphosphate (PIP3). Then, cellular PIP3 triggers AKT activation ([@b27-ol-0-0-7561],[@b28-ol-0-0-7561]). It has been reported that PI3K/AKT signaling stimulates various biological processes in cancer, and functions as a key regulator in cell proliferation, survival, migration and apoptosis ([@b29-ol-0-0-7561],[@b30-ol-0-0-7561]). Hyper-activation of the PI3K/AKT pathway is observed in several types of cancer, such as colorectal ([@b31-ol-0-0-7561]), ovarian ([@b32-ol-0-0-7561]) and prostate cancer ([@b33-ol-0-0-7561]). Previous studies have revealed a direct link between highly activated PI3K/AKT and poor prognosis and tumor recurrence in prostate cancer ([@b33-ol-0-0-7561]). In addition, as the PI3K/AKT pathway regulates the apoptosis of cancer cells, it accelerates chemoresistance in cancer cells when under the influence of chemotherapeutic drugs ([@b34-ol-0-0-7561]). Therefore, intervention of this pathway is considered to be a potential strategy to delay or reverse the occurrence of drug resistance in cancer.

Quercetin is a natural flavonoid compound. Previous studies have demonstrated that quercetin is involved in inducing the apoptosis pathway in cancers ([@b35-ol-0-0-7561]). Therefore, combination treatment with quercetin and several anti-tumor agents, including docetaxel, tumor necrosis factor-related apoptosis-inducing ligand, and 2-methoxyestradiol have proved to be effective synergistic treatments for prostate cancer ([@b36-ol-0-0-7561]--[@b38-ol-0-0-7561]). The fact that doxorubicin treatment in prostate cancer frequently leads to the acquirement of doxorubicin resistance is a major problem. To study the potential function of quercetin in doxorubicin resistance in prostate cancer, a doxorubicin-resistant PC3 cell line PC3/R was established. Notably, it was observed that the addition of quercetin was able to reverse doxorubicin resistance, by increasing the sensitivity of PC3/R cells to doxorubicin-induced apoptosis *in vitro*.

The activated c-met/PI3K/AKT pathway protects cancer cells from apoptotic signals and promotes cancer survival ([@b39-ol-0-0-7561]). In the present study, it was revealed that c-met was further upregulated in response to the acquisition of doxorubicin-resistance in prostate cancer cells. Therefore, it is suggested that c-met is associated with drug-resistance in prostate cancer. Furthermore, it was demonstrated that quercetin treatment significantly inhibited c-met expression in PC3/R cells. Subsequently, the inhibition of the PI3K/AKT pathway, which is downstream of c-met, was also observed. Furthermore, as the combination treatment with quercetin inhibited the PI3K/AKT pathway, doxorubicin-induced dysfunction of mitochondria, release of ROS, cleavage of caspase-3/9 and apoptosis in PC3/R cells occurred as a consequence. Additionally, quercetin-induced doxorubicin cytotoxicity in PC3/R cells was impaired in response to the overexpression of c-met, induced by its expression plasmid. Taken together, these results provide evidence that combination treatment with quercetin is able to reverse doxorubicin-resistance in prostate cancer cells by targeting the c-met/PI3K/AKT pathway. In conclusion, the present study may provide a novel treatment protocol for inhibiting or delaying drug resistance to doxorubicin-based therapy.

![Comparison of doxorubicin sensitivity between PC3/R and PC3 cell lines. (A) Following treatment with doxorubicin at the indicated concentrations for 48 h, the cell viability of PC3/R and PC3 were detected by MTT assay. The IC~50~ of PC3/R and PC3 to doxorubicin was calculated according to the viability curves. (B) Following 48 h of doxorubicin treatment, the activation of PI3K/AKT pathway was evaluated by western blot analysis in PC3/R and PC3 cells. \*P\<0.05 vs. PC3 cell line. PC3/R, prostate cancer 3/resistant; PC3, prostate cancer 3; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; IC~50~, half maximal inhibitory concentration. P13K, phosphoinositide 3-kinase; AKT, protein kinase B; P-, phosphorylated.](ol-15-02-2252-g00){#f1-ol-0-0-7561}

![Quercetin enhanced the cytotoxicity of doxorubicin to PC3/R. (A) Following treatment with quercetin (10 µM) and doxorubicin (2 µg/ml) for 48 h the relative cell viability of PC3/R and PC3 cells was determined by MTT assay. (B) Following treatment with quercetin (10 µM) and doxorubicin (2 µg/ml) in PC3/R and PC3 cells for 48 h, cell apoptosis was detected by flow cytometry. \*P\<0.05 vs. control group, ^\#^P\<0.05 vs. doxorubicin group. PC3/R, prostate cancer 3/resistant; PC3, prostate cancer 3; PI, propidium iodide.](ol-15-02-2252-g01){#f2-ol-0-0-7561}

![Quercetin promoted doxorubicin-induced apoptosis via the mitochondrial pathway. (A) The mitochondrial membrane potential of PC3/R cells treated with quercetin (10 µM) and doxorubicin (2 µg/ml) was measured by JC-1 staining and flow cytometry. (B) The generation of ROS in PC3/R cells treated with quercetin (10 µM) and doxorubicin (2 µg/ml) was measured by DHE staining and flow cytometry. (C) Western blot analysis was performed to evaluate the cleavage of caspase-9 and caspase-3 in the PC3/R cells treated with quercetin (10 µM) and doxorubicin (2 µg/ml). PC3/R, prostate cancer 3/resistant; ROS, reactive oxygen species; DHE, dihydroethidium.](ol-15-02-2252-g02){#f3-ol-0-0-7561}

![C-met is the target of quercetin in PC3/R. (A) Expression of c-met in PC3/R and PC3 cells was evaluated by western blotting. (B) Expression of c-met was analyzed by western blotting in PC3/R cells transfected with an empty vector or c-met vector, and treated with quercetin (10 µM) and doxorubicin (2 µg/ml). (C) The activation of P13K and AKT was evaluated by western blotting in PC3/R cells transfected with empty vector or c-met vector, and treated with quercetin (10 µM) and doxorubicin (2 µg/ml). C-met, tyrosine-protein kinase-Met; PC3/R, prostate cancer 3/resistant; P13K, phosphoinositide 3-kinase; AKT, protein kinase-B; P-, phosphorylated.](ol-15-02-2252-g03){#f4-ol-0-0-7561}

![Quercetin increases the sensitivity of PC3/R to doxorubicin via downregulating c-met expression. (A) Cell viability was measured by MTT assay in PC3/R cells transfected with empty vector or c-met vector, and treated with quercetin (10 µM) and doxorubicin (2 µg/ml). (B) Cell apoptosis was determined by flow cytometry. \*P\<0.05 vs. control group, ^\#^P\<0.05 vs. doxorubicin + quercetin group. PC3/R, prostate cancer 3/resistant; c-met, tyrosine-protein kinase-Met.](ol-15-02-2252-g04){#f5-ol-0-0-7561}
